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Meagur^enfc and Compensatioa 
Field Qg the In^eution 

This invention relates to apparatus and methods for 
measuring and compensating PMD in optical systems using 
the polarization bit interleaved (PBI) data st^i-acture. 

gacsk^goTind to the invention 

Fibre-optic transmission systems are now being developed 
for tens of gigabits-per-second (Gbit/s) communication 
channels / whilst large volumes of 10 Gbit/s systems are 
being fully deployed into existing networks. Various 
potential limits are approached as the performance of 
such transmission systems is pushed further. The 
phenomenon of polarisation mode dispersion, PMD^ is a 
problem recently attracting a great deal of attention 
from the telecommunications industry. PMD is a type of 
distortion that varies from fibre to fibre and is 
typically of greater magnitude in older fibres* PMD is 
also a random phenomenon r varying with both time and 
optical frequency, Whilst service providers are reluctant 
to invest in new fibre routes, PMD may restrict the 
deployment of new systems over the older fibre routes of 
their network- In a small number of fibres, PMD will give 
rise to distortions so large that a lOGbit/s optical 
transmission system cannot be reliably deployed over the 
route. The impact of PMD scales linearly with system bit- 
rate, hence PMD will become a greater problem as the bit- 
rate of systeiris are increased. It is for these reasons 
that PMD solutions have to be found. 

PMD is a fundamental characteristic of both optical 
fibres and optical components- It arises from the 
consideration that single mode fibre can actually support 
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two weakly guided modes that aire orthogonally polarised. 
In other words^ given an ideal fibre/ a pulse can be 
launched into either of these two polarisation modes and 
propagate through the fibre • in that polarisation mode 
alone. A fiber exhibits slightly different refractive 
indices along different axes, a physical characteristic 
known as bi?:ef ringence. Birefringence arises from a 
variety of intrinsic and extrinsic features of the 'fibre 
manufacture. These features include geometric stress 
caused by a noncircular core, and stress birefringence 
caused by unsymmetrical stress of the core. Other 
sources of birefringence include external manipulation of 
the fibre. External forces will include squeezing the 
fibre, bending the fibre and twisting of the fibre 

In a birefringent fibre, the propagation speed will vary 
with the launch polarisation state into the polarisation 
modes of the fibre. Consequently , when proportions of the 
pulse are launched into both polarisation axes they 
travel at different speeds and hence arrive at different 
times. The magnitude of the difference in arrival times 
between the fastest and slowest paths (along the two 
Principle States of Polari2;ation (PSPs)) through the 
fibre is known as the differential group delay (DGD) . 

The receiver of a direct detection optical transmission 
system does not distinguish between the different 
polarisation m^des, but simply detects the combination of 
the different polarisation modes. The difference in 
arrival times of the pulse through the two polarisation 
modes will degrade the quality of the received data. 

In a long length of fibre the birefringence is expected 
to be weak but vary randomly along its entire length. 
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This leads to random mode coupling along the fibre, a 
process by which th© pulse will continuously couple power 
between the two polarisation modes of the fibre. The 
phenomenon of PMD relates to the random variation of the 
DGD of the fibre. The DGD is expected to vary randomly 
over time due to random variations of the fibre 
birefringence as a result of environmental effects, such 
as temperature. A consequence of this random variation 
means that the instantaneous DGD of a fibre cannot be 
predicted. Instead the DGD of a fibre must be described 
statistically. The fibre DGD also varies over 
frequency/wavelength . 

The DGD is the first-order consideration of PMD. It makes 
the assumption that the PMD characteristics of a fibre 
are constant over the bandwidth of the .transmitted data 
signal. Higher-orders of PMD are considered when the PMD 
characteristics can no longer be considered constant over 
the bandwidth', of a signal. Higher-order PMD relates to 
the variation "of the PMD characteristics of a fibre with 
frequency. 

In order to compensate for first order PMD, it has been 
proposed to use a delay line which provides differential 
delay for different polarisation states^ in order to 
reverse the system fiber DGD. A particular class of 
fibres, known as high birefringence (Hi-Bi) fibres, has 
been engineered deliberately to have very high, uniform 
birefringence for this purpose. The fibres have two 
clearly definable a^^es with different refractive indices. 
The propagation speed of a pulse will differ greatly 
between each ax;is. 
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Three categories of techniques are used for PMD 
compensations- They are all--optical^ all electrical, and 
hybrid. 

For all-optical PMD compensation, the restoration of PMD 
distortion is done optically without any optical- 
electrical conversion. The signal remains in the optical 
domain. Normally, all-optical PMD compensators consist of 
a polarization controller and a fixed birefringent delay 
element, such as a piece of high birefringence optical 
fiber. The basic concept is to align the principal 
states of polarization (PSP) of the fiber with the 
principal axes of the birefringent delay element to 
reverse the DGD of the system fiber - 

In the all-electrical method, the distorted optical 
signal is converted to an electrical signal at the 
receiver. A delay line filter with specific weights is 
used to partially compensate for the distortion due to 
PMD, 

Hybrid PMD compensation is a technique that uses both 
optical and electrical methods to restore the distortion 
due to PMD. For example a polarization controller (PC) 
and a polarization beam splitter (PBS) can be used to 
transform the states of polarization, and split the 
polarization components. At each output of the PBS/ a 
high-speed photo-detector converts the optical signal to 
electrical signal. An electrical delay line is used to 
adjust the phase delay between the two electrical 
signals • 

Problems with the known compensation techniques arise 
from the need to determine principal states of 
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polarization of the systerrir and also the need to evaluate 
the PMD to be (corrected. 

In polarization bit interleaved CPBI) optical 
communications* systems, adjacent pulses in a transmitted 
signal have orthogonal polarization. PMD then has the 
ttiost significant effect when these orthogonal 
polarizations correspond to the PSPs of the transmission 
fiber- For bit interleaved signals^ the all-optical PMD 
compensator described above has limited efficacy. PMD 
compensation is also therefore more difficult for FBI 
systems • 

There are also difficulties in measuring the PMD in a 
system. Methods for measuring PMD can be broadly 
categorized in two groups: methods that make measurements 
in the time domain, and methods that make measurements in 
the frequency (or wavelength) domain. 

The modulatioin-phase-shift method injects high-frequency 
sinusoidal intensity modulation into the fiber, and then 
measures the phase delay of the light exiting the fiber. 
In performing this test the equipment changes the input 
State of polarization (during the intensity modulation) 
to find the maximum and minimum delay. At the maximum and 
minimum delay the input state of polarization is aligned 
with the fiber's principal axes. The phase difference 
between the maximum and minimum delay is then used to 
determine the amount of PMD at that wavelength. To find 
the PMD at another wavelength the source can be tuned to 
another frequency and the test repeated. This method thus 
measures the instantaneous PMD at a particular 
wavelength. This method is conceptually quite simple, but 
it does requiore the experimental determination of the 
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principal ax^s. In other words ^ the measurement must 
carried out many times with different input states of 
polarization in order to determine which states of 
polarization correspond to the principal axes in the 
fiber. 

The modulation-phase-shift method uses high-speed 
intensity modulation and phase measurements to directly 
measure the difference in propagation time for the two 
principal axes of the device under test. 

The pulse-delay method is a direct measurement of the 
difference in propagation time between pulses launched 
into the two principal axes. Implementing this method 
involves launching very short pulses of light into the 
fiber's two principal axes of polarization and then 
measuring directly the pulse delay between them. This 
method, like the modulation phase shift method, also 
requires expe^rimentally finding the principal axes of 
polarization- 

The above techniques are all time-domain measurements » 
Frequency-domain measurements use either a source with a 
broad spectrum (like an LED) or a tunable laser. They 
make measurements over a wide range of wavelengths. 
Mathematically, measuring PMD over a wide range of 
wavelengths gives the same average value of FMD as 
measuring it at a single wavelength, but over a long 
period of time. Thus, frequency-domain measurements tend 
to provide the average PMD value. 

Thus, in the past/ the measurement of PMD in the system 
has required complicated analytical processes, 
particularly requiring test signals to be injected into 
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th^ coitipon^xit . Furthermore r conventional PMD measurement 
toclmiques require the orientation of the system PSPs to 
be experimentally determined. 

Siasamagy of the! inventsion 

According' to a first aspect of the invention, there 
is provided a polarization mode dispersion (PMD) 
compensator fdr compensation of PMD in polarization bit 
interleaved (PBI) optical signals comprising two 
interleaved bit streams, the compensator comprising; 

a polarization controller; 

a birefringent element; 

a converter for converting an optical output to an 
electrical signal; and 

ah analyser for analysing at least one selected 
spectral component of the electrical signal^ wherein the 
orientation of a signal entering the birefringent element 
is controlled by the polarization control,ler in 
dependence on the electrical signal power of the at least 
one spectral component, having a frequency corresponding 
to the bit frequency of the two bit streams which form 
the bit interleaved signal. 

The invention .is based on the recognition that analysis 
of the elect^^ical power spectrum at the output of a 
compensator can be used to provide control of the 
compensator for systems using PBI signals. In 
particular, minimising a spectral component having a 
frequency corresponding to the bit frequency of the two 
bit streams which form the bit interleaved signal results 
in alignment of the signal in the system at 45 degrees to 
the two principal axes of the system (the ''System'' 
comprising the components in which PMD arises as well as 
the compensation element) . Thus, a control scheme which 
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minimises this spectral component will provide the 
desirea polarization alignment for a PBl system. 

The compensator may comprise a filter for extracting the 
at least one selected spectral component of the 
electrical signal. 

The control scheme may rely upon at least first and 
second spectral components^ the first having a frequency 
corresponding to the bit frequency of the two bit streams 
which form the bit interleaved signal and the second 
having a frequency not equal to an integer multiple of 
the bit frequency of the two bit streams. As discussed 
above, the power of the first spectral component should 
be minimized, but in addition, it can be shown that 
maximizing the power at frequencies not equal to an 
integer multiple of the bit frequency of the ^two bit 
streams results in minimized overall PMD- 

To take these two factors into account ^ it is possible to 
maximize the ratio of the powers of the second and first 
spectral components, or to maximize the difference 
between the second and first spectral components. In 
either case, the second spectral component may have a 
frequency of approximately half the bit frequency of the 
two bit streams which form the bit interleaved signal . 

The invention also provides a method of providing PMD 
compensation for compensation of PMD in PBI optical 
signals comprising two interleaved bit streams, the 
method comprising: 

passing the signal through a birefringent element, 
and controlling the polarization at the input to the 
birefringent element; 
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converting th© optical output from the birefringent 
element to an electrical signal; 

measuring the electrical signal power at a first 
frequency corresponding to the bit frequency of each of 
the two bit streams which form the bit interleaved 
signal; and 

using the measured electrical signal power as a 
control parameter for controlling the polarization at the 
input to the birefringent element. 

This method provides the compensation control based on 
the electrical signal power spectrum^ particularly at the 
bit frequency of the two bit streams. Againr the 
electrical signal power at a second frequency not equal 
to an integer multiple of the bit frequency of the two 
bit streams which form the bit interleaved signal may 
also be measured, 

According to a second aspect of the invention, there is 
provided an apparatus for estimating PMD in an optical 
component through which a PBI optical signal has 
propagated^ the apparatus comprising: 

a converter for converting an optical output from 
the component to an electrical signal; and 

an analyser for analysing at least selected spectral 
components of the electrical signal, the PMD in the 
optical component being derived from the electrical 
signal power at a frequency corresponding to the bit 
frequency of the bit interleaved signal and from the dc 
signal power. 

This aspect of the invention is based on recognition that 
analysis of the electrical power spectrum at the output 
of system can be used to provide an estimate of the PMD 
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in the systejm, for PBI systems. In particular, th© PMD 
can be derived from the do power and the bit frequency of 
the FBI signal. 

The bit frequency of the bit interleaved signal may be 
40GHz, formed from two bit streams of 20Gbits/s. 

The analyser may comprise a filter arrangement for 
extracting the spectral components of the electrical 
signal. 

The second aspect of the invention also provides a method 
for estimating PMD in an optical component through which 
a PBI optical signal has propagated, the method 
comprising: 

converting the optical output to an electrical 
signal; 

measuring the electrical dc signal power and the 
electrical signal power at a frequency corresponding to 
the bit frequency of the bit interleaved signal; and 

deriving the level of PMD from the two electrical 
signal powers* 

The level of PMD may in particular be derived from the 
ratio of the two electrical signal powers. 

Brief description of the drawings 

Examples of the invention will now be described in detail 
with reference to the accompanying drawings, in which: 

Figure 1 is used to explain the nature of 
polarisation bit interleaved (PBI) signals; 

Figure 2 shows one example of a PMD compen^sator 
according to the invention; and 
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Figure 3 shows one example of an apparatus for 
estimating PMD according to the invention. 

Detailed dascr.iP'tion 

Figure 1 shows a polarization bit interleaved (pbi) 
signal* Arrows 2ri indicate orthogonal axes, and the 
signal is made up from two bit streams 6,8 having linear 
polarization aligned with the axes 2,4* Axes 10 
represents time. Each bit stream has the same bit 
frequency, and the two streams are staggered with respect 
to each other. 

To gene?:ate the PBI signal, a single return to zero pulse 
train is generated and is provided on two paths. Each 
path is provided with a modulator so that the two bit 
streams are generated. One pulse train is delayed with 
respect to the other, and the polarizations are 
controlled before combining the pulse trains to form the 
PBI signal • The PBI signal has double the bit rate cf 
the individual bit streams* The separation of the two 
pulse streams using polarization reduces interference 
between sequential pulses in the combined ?B1 signal 
resulting from dispersion. 

Figure 2 shows one example of a PMD compensator according 
to the invention. The PHD compensator is for 

compensating for PMD in any component, for example a 
length of system fiber 20 as shown, which may comprise 
the span between nodes in a communications system. A 
length of high birefringence fiber 22 is provided, and a 
polarization controller 24 controls the launch angle into 
the fiber 22. Varying the launch angle influences the 
effect of the fiber 22, either to cancel the system PMD 
or to compound the PMD. The polarization controller can 



14765ID 



12 



be considered to alter the orientation of the overall 
system PSPs, and thereby alter the orientation of the 
PSPs with respect to a signal in the system- 

Before describing the further components of the 
invention/ the theory underlying the invention will first 
be described^ 



The invention is based on the recognition that spectral 
analysis of the output of a system using FBI signals can 
be used to provide information concerning the FMD in the 
System, and can also be used to provide control of a 
compensator, particularly to provide signal orientation 
midway between the PSPs of the system* 

The invention follows from an analysis of the electrical 
output power spectrum from a system in which PBI signals 
propagate. It can be shown that the electrical power 
spectrum is given by: 



In this equation: 

T is the bit rate per channel {so for 2x20GHz 
channels interleaved to form the PBI signal, T=SOps) 

At is the PMD for the system (which will include the 
PMD compensator when provided) 

y is the proportion of power launched into the 

principal states (i,e, y^l and y^^O correspond to launch in 
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the two principal states, and y=0.5 corresponds to a 45'=' 
launch state) 

S is the delta function, and 

© is the angular frequency* 

Term (1) of this equation is a broadband power term. 
This term has a maximum value whan y=l or else when the 
sin^ term is sero, namely when At.o is zero. Minimising 
the PMD for a particular frequency will have the effect 
of minimising the At.ea term, and term (1) will as a 
result be maximised. 

Thus, one control scheme for minimising the PMD is to 
seek to maximise Term (1) for a chosen frequency. This 
chosen frequency can be any frequency (other than 
frequencies which are a multiple of the channel 
frequencies as will be seen below) , 

Term (1) in fact defines a notch profile (providing the 
launch state is not into the PSPs), with the notch at the 
frequency where At.q>-7c (so that AT=l/(2f)}. For example, 
for a frequency of lOGHz, a notch is present if the 
system PMD is 50ps. Whan selecting a frequency to use as 
the control parameter for PMD compensation, a frequency 
should be selected which avoids this notch. 

In practice, the total PMD in the system is likely to be 
a maximum of around 25ps when compensating for a length 
of transmission fiber (I5ps from the system fiber and 
lOps from the high birefringence compensator) . Thus, a 
frequency of 2 0GHz or below should be selected as the 
test frequency used for minimising the total PMD At. 
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Essentially, the control then involves tuning a launch 
angle until Term (1) is maximised for_ the selected 
frequency, which will taken as lOGHz by way of example • 

Term (2) defines a series of delta functions at odd 
multiples of the basic PBI frequencies. For example, if 
the PBI signal is 2x20GH2 bit streams. Term (2) defines 
delta functions at 20GHz (L=l) , 60GHz (L=3) etc. In 
practice^ the bandwidth of the receiver is not 
significantly greater than the combined bit rate (40GH2 
in this case) so that the only term of interest is h^lr 
namely 20GH2 in this case. 

This term is zero when (2y-l)=0. In other words, this 
term is zero when the y«1/2/ namely when the launch state 
is at 4S degrees to the two PSPs of the total system. As 
mentioned above, this minimises the penalty for a given 
level of PMD in a PBI system. Thus, an optimal PMD 
compensation strategy will include minimisation of this 
frequency component. 

Term (3) defines a series of delta functions at even 
multiples of the basic PBI frequencies. This term is 
independent of the launch state. Again, if the PBI 
signal is 2x20GH2; bit streams. Term (3) defines delta 
functions at DC (0 Hz) (L=0) , 40GHz {L=2) etc. The only 
terms of interest are L«0 and L=2 namely 0 Hz and 40GHz 
in this case. The delta function at OHz is dominant over 
the broadband term (1), so that measurement of the DC 
power level effectively provides an estimation of Term 
(3) for L=0, 

The ratio of Term (3) between the L=2 value (40GH2;) and 
the L=0 value (OHz) has only a variable term in At (all 
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other values are known constants) • Thu$/ comparing the 
40GHz and DC components can provide an evaluation of the 
level of PMD. 



5 As described 9.bove, minimising Terra (2) brings the launch 
3tate towards 45 degrees^ which is desired for PBI 
systems- In itself, this does not necessarily minimise 
system PMD but merely the penalty for a given level of 
PMD. In particular/ minimizing Term (2) (the 20GHz tone) 
Q 10 either xainimises the DGD or else results in launch at 45 

^ degrees to the PSPs. As discussed above^ maximising Term 

(1) (the lOGHz or other tone between 0 and 20GH2) either 
nil minimises the DGD or else results in launch on the PSPs- 
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IS Consequently a control scheme is preferred which combines 
the minimisation of Term (2) with the maximization of 
Term (1) for a selected frequency (for example lOGHz) . 
In this way/ the 20QHz component is used to ensure that 
the system tries to fly at 45 degrees to the PSPs in 

20 conjunction with the lOGHz component to minimise the 
total DGD in the system. 



One example to use as control parameter Term (1) - 

Term (2) and to apply control to maximise this parameter. 
25 In the 2x20Gbit/s example, provided the total DGD does 
not exceed 25pSr this provides a monotonic signal which 
moves in the optimal directions. Thus^ for a given level 
of DGD it results in transmission at 45 degrees to the 
PSPs, and for a given launch state it minimizes the DGD. 

30 

A second example is to use as control parameter 
Term(l) /Term{2) r and again to apply control to maximise 
this parameter* 
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These are two examples of control parameter^, and there 
are of course an infinite number of parameters which can 
seek to minimise the 20GHz tone and maximise the lOGHs 
tone. 

The above analysis assi3ts in an understanding of the 
remaining components in Figure 2, The output of the 
compensator fiber 22 is converted to an electrical signal 
using an opto-electric converter 26, which will typically 
comprise a photodiode device. This provides a broadband 
electrical signal. In order to measure the power at the 
frequencies -of interest, first and second filters are 
provided 28^30. The first filter 28 provides the 
component of the electrical signal at the frequency of 
the two bit streams (20GHz in the example given) - The 
second filter 30 provides a different frequency, not a 
multiple of 20GHz in thi3 example. By way of example, 
the filter 30 may provide the IOGH2 component in this 
example. 

Power measurement circuitry 32 obtains the electrical 
powers of these components, and defines a feedback loop 
for controlling the polarization controller 24. The 
circuitry provides a control signal 34 to the 
polarization controller 24, As discussed above, the 
control signal is selected such that the 20GHz tone is 
minimized and the other tone is maximized- This is 
achieved by using a control signal 34 which maximises the 
ratio or the difference between the tones, as discussed 
above. 

Figure 3 shows an apparatus for estimating PMD in an 
optical component 40 through which a bit interleaved 
optical signal has propagated. The optical component 40 
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may be any optical component, and may include many 
sections. For example, the component 40 may include the 
system fiber 20 and the compensator 22,24 of Figure 2, so 
that the effect of the compensator control on the system 
PMD can be determined » 

The output of the component 40 is converted to an 
electrical signal using an opto-electric converter 26, 
which will again typically comprise a photodiode device. 
A first filter 42 provides the do component of the 
electrical signal and a second filter 44 provides the 
component at the PBI bit frequency (40GHz in the example 
given) . 

A processor 46 derives the PMD in the optical component 
40 from the electrical signal powers at these 
frequencies . 

The components of Figures 2 and 3 may be integrated into 
a single system, for both PMD compensation and 
measurement. 

In the example above, the PBI is described as a 40GHz 
signal made up from two 20GBit/s bit streams.. The 
invention is, however, applicable to any frequency of PBI 
signal. 

Also, in the example above the PMD control is based on 
analysis of two tones. However, it is possible and 
within the scope of the invention to control PMD based 
solely on minimizing the 20GHz tone. 

The polarization controller may optically rotate the 
state of polarization of an input signal. However, it 
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may instead physically rotate the input siofnal with 
r^spsct to the birefring^nt element. For example, tha 
birefringent element itself may be rotatable in order to 
control the launch angle into it- A rotatable 
birefringent element ia intended to fall within the 
definition of a polarization controller, as this will 
control the relative orientation of the signal and the 
birefringent element. 

Other variatioins will be apparent to those skilled In the 
art. 



